Introduction
Chronic wounds arise upon the disruption of the acute wound healing process usually expressed at the inflammatory stage. They are characterised by an imbalance between production and degradation of extracellular matrix (ECM) components in favour of degradation. The excessive degradation is the result of the simultaneous action of proteolytic enzymes, such as matrix metalloproteinase (MMPs), at the wound site.
1,2 Examples of MMPs are collagenases that specifically recognise and cleave collagen -the main protein in connective tissues and skin. Prolonged inflammation also leads to the accumulation of neutrophils in the wound that undergo apoptosis and release their constituents such as oxidative enzymes. Hypochlorous acid (HOCl), generated by the main neutrophil enzyme -myeloperoxidase (MPO), together with other reactive oxygen species (ROS) oxidises most biological molecules, including the protease inhibitors, thereby promoting proteolytic damage of the tissue. 3 It is believed that by bringing the activity levels of major chronic wound enzymes down to the levels found in healing wounds the balance between molecule degradation and production can be restored, which may then allow healing to progress. 4 Most of the approaches for chronic wounds management are based on the topical application or the release of active compounds from the dressing platforms into the wound. 5 Despite some of the approaches including controlled release of active agents 6 the biggest concern, however, remains the side effects due to the accumulation of immunoreactive compounds at the wound site, i.e. overdoses. The permanent immobilisation of the active agents on the surface of the dressing would prevent overdoses in clinical application. Nowadays, the modification of surfaces is a key aspect in biotechnology including development of substrates for regenerative medicine. 8 By alteration of the surface functionality controlled chemical and biological interactions can be achieved. 9 The objective of this work was to develop a functional coating able to control the activities of deleterious chronic wound enzymes through specific surface interactions for promoting the wound healing process. Since the control of MMP activity can be achieved by redox-regulation of cysteine residue coordinating Zn 2+ at the enzyme active site, 10 or directly by metal chelation, thiol groups that combine both functions, 11 and in addition inhibit human MPO, 12 were incorporated in chitosan (Chi). The functionalised chitosan (TC) was then used to build polyelectrolyte multilayered (PEM) structures by assembling with the glycosaminoglycans (GAGs), chondroitin sulphate (CS) and hyaluronic acid (HA), as counterions. The preparation of such assemblies through the layer-by-layer approach is a convenient technique to functionalise a surface to impart specific surface bio-activity towards various bioentities, e.g. proteins and cells. 13, 14 From a technological point of view, the alternate deposition of oppositely charged polymers represents a simple approach for surface modification, while rendering it suitable for the interaction with biological tissues in a relatively predictable way. 15 Control of the physicochemical and biological properties of multilayer coatings/films can be achieved by adjusting the process parameters such as pH, layer number, cross-linking and nature of the outermost layer. 16 In this work the capacity of the obtained multilayered assemblies for inhibition and/or adsorption of major wound enzymes, namely MPO and collagenase, was evaluated in vitro. Build-up of the coatings onto gold surfaces and adsorption behaviour of collagenase as a function of the nature of the outermost layer were assessed in situ by quartz crystal microbalance with dissipation (QCM-D). The importance of the outermost layer was also investigated in terms of fibroblasts adhesion and proliferation.
Materials and methods
2-Iminothiolane HCl, N-[3-(2-furyl)acryloyl]-Leu-Gly-Pro-Ala (FALGPA) and collagenase from Clostridium histolyticum (0.27 U mg À1 solid, one unit hydrolyses 1.0 mmol of FALGPA per minute at pH 7.5 and 25 C in the presence of calcium ions) were purchased from Sigma-Aldrich. Purified MPO from human leukocytes (1550 U mg À1 solid, one unit produces an increase in absorbance at 470 nm of 1.0 per min at pH 7.0 and 25 C, calculated from the initial rate of reaction using guaiacol substrate) was from Planta Natural Products (Austria). All other reagents and buffers were of analytical grade purchased from Sigma-Aldrich, unless specified otherwise, and used as received.
Being natural components of the ECM, GAGs were selected as building elements for PEM coatings. They are also capable of absorbing excessive wound exudates while still providing favourable moist environment for wound healing. Previous reports 17, 18 have demonstrated that both sulphated and nonsulphated (hyaluronic acid) GAGs accelerate acute wound healing. In this work sodium hyaluronate with different M w (6 kDa, 830 kDa and 2000 kDa, pK a z 3, ref. 19 ) from Lifecore Biomedical (USA) and the sodium salt of chondroitin sulphate ($20 kDa, DS 0.9, pK a z 3.5 for higher ionic strengths Chitosan has a similar structure to the natural GAGs but it bears a positive charge allowing assembly via electrostatic interactions with the negatively charged GAGs. Moreover, it has been employed for the construction of a wide variety of wound healing devices because of its intrinsic antimicrobial properties and ability to accelerate healing by increasing the rate of infiltration of fibroblasts at the wound site and consequentially the collagen production.
21 Therefore, medical grade chitosan ($50 kDa, DDA 87%, pK a z 6.5, ref. 22 ) from Kitozyme (Belgium) was used for further thiolation. Thiol-modified polymers have been already exploited for inhibition of some metal-dependent enzymes. 23 
Chitosan thiolation and characterisation
The synthesis of thiolated chitosan was carried out in a one-step coupling reaction between 2-iminothiolane HCl and primary amino groups of chitosan, according to Bernkop-Schn€ urch et al. 24 Batches differing in the thiolation degree were prepared by altering the amount of the coupling reagent in the reaction mixture and the thiolated conjugates were designated accordingly (Table 1) .
Sulphur elemental analysis (EuroVector 3011 CHNS Elemental Analyzer, Italy) was performed to determine the total sulphur content. The amount of reduced thiol groups was determined spectrophotometrically using Ellman's reagent. 25 
Enzymes assays
The inhibitory effect of thiolated chitosan on MPO activity was measured spectrophotometrically using guaiacol as a substrate.
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Samples (2 mg) were incubated with MPO and guaiacol buffered with 50 mM PBS, pH 6.6 at 37
C for 1 h. Thereafter, the reaction was initiated by adding H 2 O 2 . The final assay concentrations were: 0.24 U MPO, 10 mM guaiacol and 1 mM H 2 O 2 . The activity was determined by the increase of the absorbance rate (470 nm) per min and expressed as a percentage of MPO inhibition compared to the non-modified chitosan control. All assays were performed in triplicate.
The collagenase activity was measured as described by Van Wart and Steinbrink. 27 The hydrolysis of FALGPA (1 mM) by collagenase (0.2 mg mL
À1
) in the presence of thiolated chitosan in 50 mM Tricine (pH 7.5) containing 100 mM CaCl 2 and 400 mM NaCl was monitored at 345 nm.
Layer-by-layer assembly of PEM coatings and collagenase adsorption
Solutions of chitosan, thiolated conjugates and glycosaminoglycans (0.5 mg mL
À1
) containing NaCl (0.15 M) were prepared, and the pH adjusted to 5.5 with HCl or NaOH solutions. The zpotential of each solution was determined at 25 C (Nano-ZS from Malvern, UK). The deposition of the polyelectrolytes was carried out at the same temperature and at a constant flow rate (75 mL min
) onto the surface of Au coated sensor crystals (QSense, Sweden). The crystals were first cleaned with H 2 O 2 (30%)-NH 4 OH (25%)-H 2 O (1 : 1 : 5) for 10 min at 75 C. The process was followed in situ by quartz crystal microbalance with dissipation (QCM-D, E4 system from Q-Sense, Sweden). The baseline was built using a 0.15 M NaCl solution. Different multilayered systems were built by consecutive depositions of polycation (Chi, TC10-1 or TC5-2, Table 1 ) and polyanion (HA with different molecular weights or CS) solutions. The solutions were injected into the measurement chamber for 10 min followed by a rinsing step (10 min) with 0.15 M NaCl, pH 5.5. This procedure was repeated 5 times to obtain five bi-layer substrates. Collagenase (0.1 mg mL À1 in 0.15 M NaCl, pH 5.5) deposition was monitored in situ by QCM-D for 3 h at a constant flow of 10 mL min
. At the end of this time a rinsing step with a protein-free solution was applied (1 h) to remove weakly adsorbed and unadsorbed proteins. Each study was performed in triplicate. For graphical simplification the evolutions of the normalised frequency (Df/n) and dissipation (DD) shifts as functions of time of one representative per experimental group and only for the 9 th harmonic are shown. Coating growth (thickness variation) as a function of the layer number and the amount of collagenase adsorbed on coatings was estimated using the Voigt model (QTools software, Q-Sense). By using this model the values for the coating thickness obtained for the first layer adsorption are usually non-reproducible, therefore these values were excluded from the data.
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Characterisation of PEM coatings
The PEM coatings were characterised by X-ray photoelectron spectroscopy and contact angle measurements. Multilayered systems were deposited on Au coated (100 A) glass microscopy slides (Sigma-Aldrich) cut into pieces of 1 cm 2 and cleaned using the same protocol as the one described for QCM crystals. A custom-made dipping robot was used for the biopolymers deposition. The assembling process was performed using the same conditions (solution concentration, pH, ionic strength and deposition/rinsing times) described above. Multilayered systems differing in the layer number (1, 3, 7 and 11) and composition of the outermost layer were prepared.
X-ray photoelectron spectroscopy (XPS)
XPS analyses were performed on a PHI 5500 Multitechnique System (Physical Electronics, USA) using a monochromatic AlKa X-ray source (hn 1486.6 eV), placed perpendicularly to the analyser axis and calibrated using the 3d5/2 line of Ag with a full width at half maximum (FWHM) of 0.8 eV. The analysed area was a circle of 0.8 mm diameter, and the resolution chosen for the spectra was 187.5 eV of pass energy and 0.8 eV per step for survey spectra, and 0.1 eV per step for each analysed element. Binding energies were referenced by setting the Au4f7/2 at 84.0 eV. Surface elemental composition was determined using the standard Scofield photoemission cross-sections.
Contact angle measurements
The hydrophilicity of the PEM coatings prepared on the Au coated glass microscopy slides was assessed by means of static contact angle measurements (sessile drop method) with ultrapure water, using drop shape analysis system DSA 100, Kruss, GmbH (Germany), equipped with a ½ inch CCD camera. The volume of the liquid droplet was 5 mL. Ten measurements at room temperature were taken for each sample.
Cell adhesion, proliferation and morphology PEM coatings of 5 and 5½ bi-layers were sterilised by UV radiation for 15 min and washed with phosphate buffered saline (PBS). The substrates were seeded with L929 human fibroblastlike cell line (European Collection of Cell Cultures, UK) at a concentration of 16 500 cells per cm 2 in Dulbecco's modified eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS, Biochrom AG, Germany) and 1% antibiotic/antimycotic (Gibco, USA). Cells were cultured for 1 and 7 days at 37 C under a humidified atmosphere of 5% CO 2 . The morphology of the cells was observed by scanning electron microscopy (SEM, Leica Cambridge S-360, 15 kV) and fluorescence microscopy (Zeiss Imager Z1, Germany). The samples were washed twice with PBS and fixed either in 2.5% glutaraldehyde in PBS (for SEM) or in 10% neutral buffered formalin for 1 h at 4 C for immunostaining assays. For the SEM analysis, samples were washed twice in PBS, dehydrated in a graded series of ethanol, and finally, dried using hexamethyldisilazane. Cytoskeleton organization was analysed after treatment of the cells with 0.2% Triton X-100 in PBS for 5 min and 3% BSA in PBS for 30 min at room temperature. Phalloidin-TRITC conjugate was used (1 : 200 in PBS for 30 min) to assess cytoskeleton organisation. Nuclei were counterstained with 1 mg mL À1 4,6-diamidina-2-phenylin (DAPI) for 30 min. Samples were washed with PBS, mounted with VectashieldÒ (Vector) in glass slides and images were acquired with an Axio Cam MRm (Zeiss).
Statistical analysis
All data are presented as mean AE standard deviation (SD). For multiple comparisons, statistical analysis by a one way analysis of variance (ANOVA) followed by the post-hoc Tukey test was performed using Graph Pad Prism Software 5.04 for windows (USA). Statistical significance was considered at p < 0.01.
Results and discussion
Thiolated chitosan
Thiolated chitosan conjugates were obtained in a one-step coupling reaction between 2-iminothiolane HCl and primary amino groups of the polymer. The expected conjugate structure is shown in Scheme 1.
This reaction allows for the immobilisation of free thiol groups on the chitosan backbone whereas the established amidine linkages provide improved cationic character of chitosan, 29 confirmed by z potential measurements (Fig. 1) .
The sulphur content in the samples (Table 1) increased with the increase of 2-iminothiolane HCl concentration, demonstrating a successful coupling with chitosan. Between 31 and 43% of the total sulphur content was in the form of disulphide bridges, i.e. oxidised during the time-consuming dialysis step of the conjugates preparation. View Online
Effect of thiolated chitosan on major chronic wound enzyme activities
The identification of elevated levels of oxidative MPO and matrix degrading proteolytic MMPs in chronic wound fluids 1,30 led to a considerable interest for these enzymes as potential therapeutic targets. 31, 32 The product of the MPO-induced oxidation of physiological chloride in the presence of H 2 O 2 is the potent antimicrobial oxidant hypochlorous acid (HOCl). However, the persistent activity of the MPO-H 2 O 2 system may adversely affect the tissues under pathological conditions. The accumulated HOCl is able to oxidatively modify lipids, DNA and (lipo) proteins by halogenation, nitration and oxidative crosslinking. On the other hand, collagenases belong to the family of zincproteins able to hydrolyse the triple helical regions of collagen under physiological conditions. As in all MMPs, collagenases possess catalytic Zn 2+ in the active centre coordinated by a redoxsensitive cysteine residue. In the normal healing process collagenases contribute to the reconstruction of damaged skin. However, their elevated level in chronic wounds causes uncontrolled degradation of newly formed ECM impairing the healing process. It is therefore crucial to maintain MPO and MMPs activity during the host defence (MPO induces HOCl generation needed for the bacterial killing) and reconstruction of ECM (involving collagenases), but interfere with their pathophysiologically persistent activation.
Some collagenase inhibitors bearing Zn 2+ binding groups attack the zinc site in the catalytic domain of the enzyme. 33 By the same mechanism thiol compounds inhibit collagenases, 22 and in addition have the capacity to inhibit MPO. 7 While some authors reported thiolated polymers as efficient inhibitors of zincdependent enzymes through metal chelation, 23 others found that the binding tendency of thiols immobilised onto polymers in solution is not high enough to develop effective ion depletion from the enzymes' active sites, unlike when such systems are applied as coating components due to different polymer chains rearrangement.
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The thiolated chitosan conjugates obtained in this work were able to inhibit the activity of MPO in solution (Fig. 2) . Moreover, the degree of MPO inhibition can be tuned by the percentage of the chitosan thiolation. On the other hand, no reduction of collagenase activity by thiolated conjugates was found (measured using FALGPA as a substrate; results not shown).
The IC 50 values for MPO and collagenase inhibition by 2-iminothiolane HCl were 85 AE 2 mM and 24 AE 3 mM, respectively. This large difference indicates that chitosan with much higher thiolation grade is needed to inhibit collagenase in solution and to be detected by the enzymatic assay used. Alternatively, the affinity of collagenase towards surfaces coated with thiolated chitosan was evaluated by QCM-D.
Polyelectrolyte multilayered coatings
Effect of the chitosan thiolation degree on build-up of PEMs. The stepwise adsorption of polyelectrolytes was monitored in situ by QCM-D, and the effect of the chitosan thiolation degree and molecular weight of GAGs on the growth of the coatings was assessed. The successful build-up of the PEM constructs using the layer-by-layer process was confirmed by the decrease in Df/n and increase of DD after each polyelectrolyte deposition ( Fig. 3a  and b) . Bigger changes in Df/n and DD shifts were observed for the first layer when thiolated chitosan was used as a polycation instead of an unmodified chitosan. This difference was expected Scheme 1 Proposed structure of the obtained thiolated chitosan conjugates. because of the well-known high affinity of the thiol groups to Au. 35 Changes in Df/n and DD shifts become more pronounced after the deposition of the 6 th layer for all experimental groups and especially for the systems built with thiolated chitosan conjugates. These data indicated an exponential growth confirmed by the calculation of thickness variation using the Voigt model (Fig. 3c) . The results imply that polyelectrolytes diffuse ''in and out'' of the coating during the build-up process. 36 Interestingly, the thickness variation in respect of layer number was higher when thiol-modified compared to non-modified chitosan was used, where the thiolation degree promoted the growth as the final thicknesses for the 5½ bi-layer systems were 27 AE 2 nm, 37 AE 2 nm and 52 AE 5 nm for Chi/CS, TC10-1/CS and TC5-2, respectively. Thus, the improved cationic character after chitosan thiolation with 2-iminothiolane HCl (Fig. 1) induces stronger electrostatic interactions with chondroitin sulphate and together with better deposition of the first layer favours the PEM coating growth.
Finally, although the stability of the PEM coatings was not investigated here, the partial oxidation of the free thiol groups leads to the formation of cross-links in chitosan 37 that would certainly improve the mechanical properties of the systems and enhance their stability in biological fluids. Chemical cross-linking has been already investigated as an approach to increase the stability of PEMs 38 and improve their mechanical properties.
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Effect of molecular weight of glycosaminoglycans on build-up of PEMs. QCM-D experiments were also conducted to investigate the effect of M w of polyanion on the build-up of multilayered coatings containing thiolated chitosan. HA with three molecular weights (6 kDa, 830 kDa and 2000 kDa) was used for building multilayered systems with TC5-2 ( Fig. 4a and b) .
Initially, the PEMs grew regularly for all experimental groups. However, the system containing HA with the lowest M w becomes unstable after the addition of the 8 th layer; re-dissolution of the formed complex upon the contact with the following polyelectrolyte solution was observed. A similar effect has been previously observed for other weak PEMs. 38 Although the negative charge of HA with a M w of 6 kDa was similar to the one of CS (Fig. 1) , in the latter case a stable complex with polycation was formed. An efficient GAGs-biomolecules binding relies on multivalent interactions or the so-called cluster effect. 40 Out of this, two are the possible reasons for the results observed with the low M w HA: the unavailability of enough reaction centres (because of the lower M w ) or their inadequate distribution, i.e. their conformation does not allow effective binding through the cluster effect. Thus, we can speculate that CS takes a conformation favouring the interactions with TC which is not the case with low molecular weight HA. In addition, previous reports stating M w plays an important role for efficient immobilisation of sugars onto many surfaces, where oligosaccharides and monosaccharides cannot be densely and stably immobilised if they are not coupled to larger moieties, support this result. 41, 42 Thus, the M w of 6 kDa is too low to allow for sufficient deposition onto the oppositely charged surface and when the amounts of the deposited polyelectrolytes increase (after the 8 th layer) re-dissolution occurs. The PEM coatings containing HA of higher average molecular weight displayed higher stability and grew exponentially (Fig. 4c) ; Df/n and DD shifts became more pronounced after the deposition of the 6 th layer. A slightly larger increase was detected for HA of 830 kDa compared to 2000 kDa, due to the better diffusion of the HA with lower M w into the coating, which is in a good agreement with the literature data for the exponentially growing PEM systems. 43 The calculated thicknesses were 32 AE 2 nm, 113 AE 5 nm and 100 AE 4 nm for PEMs with HA of 6 kDa, 830 kDa and 2000 kDa, respectively. These results confirm the instability of the PEM system build up with low molecular weight HA.
XPS analysis
XPS measurements were performed to confirm the successful deposition of the polyelectrolytes. From the measurements it was possible to estimate the surface coverage by analysing Au atomic concentrations at the different steps of deposition ( Table 2 ). As could be expected, the XPS analysis showed a steady decrease in the intensity of the Au signal with increasing number of deposited layers.
The obtained value for Au signal (16.19%) after the deposition of the first layer is in agreement with previously reported values for monolayers of thiolated polymers deposited onto gold surfaces. 44 After 5½ bi-layers deposition of the TC/HA830 system only a negligible Au signal was detected (0.08%). This value was lower than the one measured for the Chi/HA830 system for the same number of deposited bi-layers (0.12%) which is in agreement with QCM-D results confirming better build-up and surface coverage for the PEMs containing thiolated compared to the non-modified chitosan.
The presence of S was also observed for all PEMs terminating with TC5-2, where the signal did not vary considerably between the experimental groups ( Table 2 ). The binding energies and the possible oxidation states of S in the TC5-2 deposited on the gold were obtained from the high resolution XPS spectra of the S2p core level. The S2p high resolution spectrum (not presented) showed two dominant peaks at 162.4 eV and 163.6 eV that are assigned to bound S atoms (S2p3/2 and S2p1/2) on the Au surface (thiols and disulphides). Two additional peaks appear in the spectrum of multilayered (5½ bi-layers) TC5-2/HA830 system (Fig. 5 ). An intensive peak at 164.3 eV corresponding to unbound thiols and a lower intensity peak at above 168 eV due to the partial sulphur oxidation or presence of impurities in the sample 44 were detected. These values were in agreement with literature data.
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Collagenase adsorption on PEM coatings
Coating of surfaces through PEM deposition has been extensively investigated as a way to rule the protein attachment on 5 Chi 0.12 -a According to the manufacturer. Fig. 5 S2p spectrum of the TC5-2/HA830 multilayer system consisting of 5½ bi-layers adsorbed onto the gold surface acquired by XPS. Polyelectrolytes were deposited onto gold from 0.15 M NaCl, pH 5.5 solution, using concentrations of 0.5 mg mL À1 . The S peaks were fit using three S2p doublets with a 2 : 1 area ratio and a splitting of 1.2 eV. The positions of the S2p3/2 peaks assigned to bound thiolate, unbound thiol and oxidized S species are shown. such surfaces required for different applications and controlled attachment could be achieved by changing an ambient pH, system cross-linking and selection of the outermost layer.
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Moreover, the incorporation of the proteins can be further controlled by an appropriate functionalisation of the PEM components before or even after their construction. 47 As one of the efficient ways to inactivate the proteases at the wound environment is through the selective or non-selective protein adsorption, 48, 49 the PEM coatings prepared in this study have been evaluated for their capacity to adsorb collagenase from solution. The effect of chitosan thiolation and the charge of the outermost layer have been considered as variables.
The amount of collagenase adsorption onto PEMs with different terminate layers is shown in Fig. 6 . The adsorption was performed at pH 5.5, the same as the one applied in the process of PEMs build-up. This pH was chosen to ensure the optimum protein adsorption since it is near to the isoelectric point of collagenase (pI in the range 5. 35-6.20, ref. 50) and thus, minimal lateral interactions and compact conformation of protein onto the surface occur. 51 The collagenase is negatively charged under these conditions (Fig. 1) and has higher affinity to positively charged chitosan surfaces regardless of chitosan modification. These results confirmed the dominant role of the electrostatic interactions during protein adsorption.
13,52
Besides electrostatic interactions, the affinity of chitosan towards collagenase could be explained by the high content of amino groups that allows for the sorption of the Zn 2+ coordinated in the active site of the enzyme. Further, collagenase adsorption onto the TC10-1 outermost surface was significantly higher than in the case of chitosan (p < 0.01). This was expected since inclusion of free thiols in the chitosan structure improves its Zn 2+ binding capacity 34 and thus the adsorption of collagenase. Surprisingly, collagenase adsorption was not higher on the TC5-2 surface in comparison with chitosan. Although with inclusion of a higher amount of thiol groups improved collagenase adsorption was expected, this was not the case. One possible explanation may be that a highly cross-linked structure is formed in situ after TC5-2 deposition via intra-and inter-molecular disulphide cross-linking which is promoted in the formulations with high percentages of free thiol groups due to their proximity. 53 The formation of such structure would impede the availability of the remaining free thiols and consequently the sorption capacity towards Zn
2+
. This result is consistent with the decrease in protein adsorption after cross-linking of the PEM systems.
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On the other hand, adsorption of collagenase onto likecharged surfaces was different. Although the enzyme was not adsorbed onto the HA outermost layer, adsorption onto the CS containing surface occurred. This result confirms that not only electrostatic interactions, but also other non-ionic factors can Fig. 6 Variation of collagenase adsorption (0.1 mg mL À1 ) onto PEMs with different outermost layers in terms of amount adsorbed by the surface area. The results were obtained by extracting the data acquired by QCM-D and calculated using the Voigt model. PEM coatings comprised 10 layers in the case of polyanion and 11 in the case of the polycation outermost layer. For the PEMs terminating with polycation CS was used, whereas for those terminating with polyanion TC5-2 served as a counter polyelectrolyte. Polyelectrolytes were deposited onto gold from 0.15 M NaCl, pH 5.5 solution, using concentrations of 0.5 mg mL À1 . **p < 0.01 and ***p < 0.001. influence protein adsorption. 54 Again, GAGs-protein binding relies on multivalent interactions, some of them very difficult to measure experimentally, 55 where, besides other factors, spatial distribution of negative charges in GAGs plays an important role.
56 Also, HA displays higher negative charge ( Fig. 1 ) which may be the explanation for stronger repulsion of the like-charged enzyme. Another factor that may influence the protein adsorption is the surface hydrophilicity. Normally, the protein attachment decreases with wettability. 57 The CS-terminated assemblies had contact angles of 54 AE 4
, whereas HA-terminated exhibited 40 AE 4 , being thus more hydrophilic.
Cell culture studies
Fibroblasts behaviour on the obtained PEM coatings was evaluated in terms of cell adhesion, morphology and cytoskeleton organisation. Bright-field images (Fig. 7) showed that after 24 h the cells adhered better on GAG-terminated coatings ( Fig. 7A and C) than on thiolated chitosan ( Fig. 7E and G) . Moreover, the number of fibroblasts on CS-terminated coatings ( Fig. 7A and B) was similar to the control surfaces (TCPS, Fig. 7I and J) . A different cell morphology was also observed as a response to the terminal layer; after 24 h, cells cultured in contact with thiolated chitosan remain round and compact ( Fig. 7E and G) . These results are in agreement with previously reported data about the poor cellular adhesion on the chitosan. 58, 59 On the other hand, when the outermost layer is GAG (HA or CS), cells are elongated with a morphology more similar to the cells cultured on TCPS (Fig. 7A, C and I) .
After one week of culture the cells tend to organise in clustered structures on the thiolated chitosan ( Fig. 7F and H and 8C and  D) . This behaviour has been previously associated with defensive mechanisms by which cells are able to survive under unfavourable conditions.
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Also, the formation of the spheroid structures has already been reported for cells cultured on chitosan membranes. 58, 60 Although not that pronounced, a similar behaviour was observed for the fibroblasts cultured in contact with the GAGs-terminated coatings ( Fig. 7B and D and 8A and B) . This result is consistent with the diffusion of the polyelectrolytes layer estimated by the QCM-D. The diffusion of the layers and its influence on the cell behaviour are also obvious for the TC-terminated coatings where the GAG layer below induces fibroblasts morphology that is similar to the one observed for the respective GAG-terminated coatings (Fig. 7 insets) .
Conclusions
A detrimental effect on the healing cascade in chronic wounds induced by elevated levels of oxidative and proteolytic enzymes requires the application of surface-active dressing materials/ devices to address such environments and stimulate the repair process. Within this study, thiolated chitosan conjugates were prepared and evaluated for their efficiency to control the activity of major chronic wound enzymes, such as myeloperoxidase and collagenase, and the possibility for construction of multilayered surface coatings using a layer-by-layer technique. As the inhibitory effect against myeloperoxidase was dependent on the chitosan thiolation degree, this parameter was identified as a key factor to achieve control of the enzyme activity. Further, due to their cationic properties, the obtained thiolated conjugates were successfully combined with anionic glycosaminoglycans (chondroitin sulphate and hyaluronic acid) in a sequential multilayer fashion based on electrostatic interactions to build-up continuous multilayered assemblies onto the gold surface. It was also demonstrated that the speed of the build-up process (with respect to the number of deposited layers) is promoted by the higher chitosan thiolation degree and molecular weight of glycosaminoglycans. Moreover, the proper selection of the outermost layer could be used to control the extent of collagenase adsorption onto the multilayered coatings. Chitosan-based surfaces were found to be more protein-adhesive than glycosaminoglycans. The extent of collagenase adsorption on thiolated chitosan surfaces also depends on the availability of free thiol groups able to bind the zinc in the active site of the enzyme. Finally, the multilayered structures terminating with thiolated chitosan were found to be fibroblast resistant, whereas glycosaminoglycans as the outermost layer promoted the cell proliferation. Such tuneable inhibition/adsorption of the deleterious enzymes and controlled cell proliferation applied in the wound site could bring restoration of the balance between tissue synthesis and degradation in chronic wounds necessary for healing. Further in vivo and evidence-based studies will reveal whether these systems could suppress the prolonged inflammation in chronic wounds and initiate the repair process. 
